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The Impact of Adjusting Auxiliary Donors on the Performance of
Dye-sensitized Solar Cells Based on Phenothiazine D-D-rn-A
Sensitizers
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Auxiliary donor with overlarge steric hindrance will have smaller tilt angle of dye
anchored on TiO, and will lead to more dye loading amount but serious

intermolecular n-n aggregation effects.
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ABSTRACT

Three new D-Dr-A SensitizersZHG5, ZHG6 and ZHG7 have been prepared by
gradually improving the steric hindrance of auxiyfi@monors and the power conversion
efficiencies (PCE) are 5.64%, 5.32% and 2.74%. U¥-&bsorption indicates that the
molar extinction coefficients decrease with theréased steric hindrance of auxiliary
donors. X-ray photoelectron spectroscopy (XPS)caigdis that the tilt angles @HG5
andZHG6 anchored on the TiQfilm are similar andZHG7 is almoststanding rather
vertical on the TiQ@ film with the smallest tilt anglelThe results of dye desorption
and XPS experiments indicate that the dye loadmgumt of ZHG6 with larger steric

hindrance is lower than that &HG5, ZHG7 with largest auxiliary donor has the



maximum loading amount probably due to its smali#sangle. Larger auxiliary donor
of ZHG6 leads to higher open circuit voltagé,{= 734 mV) but lower shorter circuit
current (sc= 12.63 mA crif) compared with that GFHG5 (Voc= 730 mV,Jsc.= 12.06
mA cm?). However, dense packirgf dyeZHG7 anchored on the Ti{Jeads to more
serious intermoleculat-t aggregation effects. Perhaps this effect and lbwekr
extinction coefficient are theeason that DSSC based 0dG7 have the lowest PCE.
So above results indicate traatxiliary donor with overlarge steric hindrancelwigve
smaller tilt angle of dye anchored on %iénd may lead to more dye loading amount but
serious intermolecular-t aggregation effects.

Keywords: Auxiliary donors; D-DeA sensitizers; Dye-sensitized solar cells;

Photovoltaic property.

"Corresponding author.

E-mail address: zhenghg@nju.edu.cn (H.-G. Zheng)

1. Introduction

As result of the growing energy demand and theugoh of fossil fuels, people
urgently need new energy to replace fossil enddye-sensitized solar cells (DSSCs) as
a new generation of photovoltaic technology provaddirection to develop new energy,
so during the last twenty years DSSCs have gotemelous attention since 199The
highest photoelectric conversion efficiencies (PCEf DSSCs based on
ruthenium-complexes and Zn-porphyrins are 11.9% E8%b, respectively. Although
these two kinds of sensitizers have made consiie@bgress, metal-free organic dyes

are attracting more and more attention in receatsy/because of their variable structures,



simple synthesis and high molar extinction coeéfits®. The highest PCE (14%) of
DSSC based on pure organic dyes is reported bymMiHanaya and co-worketsSo the
metal-free dyes have provided more options to imrthe performances of DSSCs.
However the rapid recombination reaction between rttesoporous TiDsurface and
electrolyte becomes the one of key limiting factoirgmproving the DSSCs performance.
So how to suppress this kind of electron recommnagffect becomes the one of main
research directions. The Hagfeldt and co-workerge heeported the dye D35 with
o,p-dibutoxyphenyl as electron donor and got enconggésults’. Since then, numbers
of dyes with bulky donors have been designed taowg the performance of DSSCs.
For example, Tian and co-workers have reported Y§22 with bulky indoline-based
donor and effectively improved the PCE of DSSCs aeached 10.65%. These
excellent works indicate that suppressing the rduoation reaction with steric effect to
improve the DSSCs performance is an effective ntethogeneral, the steric hindrance
is expanded mainly by introduction of long sideinkar increased conjugation or bdth
But there are few samples to further improve treristhindrance of sensitizers by
introducing propeller auxiliary donor.

XPS can provide the information about the molecidaucture, valence state,
element composition and chemical bond. The phoembof XPS only can produce
little damage to the samples. So XPS is a powaridl suitable tool for investigating the
adsorption properties of dyes anchored on,T@reveal the possible reasons of different
device performances. But there are only severalmeats about investigating the cells
performance of dyes with different side alky chbinusing XPS, so the samples about

investigating the adsorption properties of dye$wlitferent auxiliary donors on the TiO



film with XPS are fewer.

Based on the above considerations we have syndtetizee new D-De-A dyes
(ZHG5, ZHG6 andZHG7) based on phenothiazine by adjusting the auxilthmgor as
shown in Fig 1. The dygHG5 has been prepared with alkoxy phenyl as the auyili
donor. The alkoxy naphthalene has been employedeptace the cyclobenzene to
improve the conjugation of auxiliary donor in d¥elG6. In order to further improve the
steric hindrance of auxiliary donor, we have introgld the alkoxy dinaphthalene into the
dye ZHG7 because of its propeller type structure. 2,3-Dipiepuinoxaline has been
chosen as the assistant electron-withdrawing wnthiee dyes because it can facilitate
the intramolecular charge transfer (ICT) and imprdhe light-harvesting ability.
Thiophene is usually thought to have better corgygao it has been introduced into all
the dyes as part of linkefs Cyanoacrylic acid as a kind of effective acceftas been
chosen as anchor group in three difesThe different device performances of DSSCs
based on above sensitizers are investigated byrateéemical, photophysical, and
photovoltaic characterizations in combination vihltboretical calculations. XPS has been
used to get insight to the adsorption propertied seveals the possible reasons of

different device performances caused by tuningtheliary donors.

2. Experiment section
2.1. Materials and measurements

All solvents and reagents were purchased from cawiadlesuppliers and used as
received unless otherwise specifiédl. N-Dimethylformamide were dried and distilled

from CaH, toluene and tetrahydrofuran were dried and tBstiirom Na.



The *HNMR and**CNMR spectra were recorded on a Bruker DRX (300M16(z)
NMR spectrometer. The mass spectra were measuréd Mass Spectrometer (LCQ

Fleet).

2.2. Fabrication of DSSCs

We cleaned the FTO glass plates @5per square) with detergent solution in
ultrasonic bath for 0.5h two times before prepatimg TiQ, film by screen printing and
then washed by water and ethanol. The FTO glasespleere then treated with 40 mM
TiCl4 (aqueous) at ?€ for 30 min and washed with water and ethanol. Ti@ films
were prepared by sintered gradually up to 500°C keqt at this temperature before
cooling. The TiQ films were immersed in 40mM Tight 70C for 30 min again and
washed with water and ethanol. Finally the filmgeveintered at 50C for 30min. After
cooling to 28C, the films were immersed into 0.3 mM ZHG dyesusioh in
THF/ethanol (1:1) for 18 h at room temperature amplete the loading of sensitizers.
The photoanodes were sealed with platinum countestredes by a hot-melt film
(25-um-thick Surlyn, Dupont). The electrolytes were anluced to the cells via one
predrilled hole back in the counter electrodes #rid glass covers by heating with
electric  soldering iron. The 7l electrolyte consisted of 0.6 M
1-butyl-3-methylimidazolium iodide (BMIl), 30 mM .l 50 mM Lil, 0.5 M
tert-butylpyridine and 0.1 M guanidiniumthiocyang@uNCS) in a mixed acetonitrile

and valeronitrile (85:15, V/V) solvent.

2.3. Synthesis and characterization



2.3.1. Synthesis of 2-(4-((2-ethylhexyl)oxy)pheay)5,5-tetramethyl-1,3,2-dioxaboro-
lane @a)

A mixture of compound.a (10 g, 35.21 mmol), bis(pinacolato)diboron (9.88,73
mmol), Pd(dppf)d (1.28 g, 1.76 mmol) and AcOK (10 g, 105.63 mmal)200 ml
1,4-dioxane was heated at 2G0overnight under N The reaction solution was removed
under vacuum and water was added. The water phasethen extracted with DCM.
Combined organic phase was dried by®@,. Column chromatography over silica gel
with petroleum ether/DCM (4/1) gives out target gomnd?2a as colourless oil liquid
(6.39 g, 55%).1H NMR (300 MHz, CDC4) 6 7.74 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz,
2H), 3.86 (d, J = 5.9 Hz, 2H), 1.72 (dd, J = 6.0, 18z, 1H), 1.53 - 1.36 (m, 4H), 1.33 (s,
16H), 0.96 - 0.87 (m, 6H)1.3C NMR (101 MHz, CD{) 6 162.08, 136.52, 134.80,
131.28, 127.72, 113.93, 83.48, 70.26, 39.39, 329712, 24.89, 23.91, 23.09, 14.13,
11.15. HRMS (El+): [M+H] Calcd for GoH33BO3, 333.2596; found, 333.2595.

2.3.2. Synthesis of 3-bromo-7-(4-((2-ethylhexyl)oxgnyl)-10-octyl-10H-phenothiazi-
ne @a)

A mixture of compoun@a (6.42 g, 19.94 mmol), 3 (9.35 g, 19.94 mmol), Rty
(2.0 g, 0.997 mmol) and XO; (8.3 g, 59.82 mmol) in 165 ml 1,4-dioxanefHwas
heated at 10 overnight under N The reaction solution was removed under vacuum
and water was added. The water phase was therctextraith DCM. Combined organic
phase was dried by h&0O,. Column chromatography over silica gel with petuwh
ether/DCM (20/1) gives out target compoutalas light yellow oil liquid (5.83 g, 49%).
'H NMR (400 MHz, CDC}) 5 7.43 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H}8 -
7.20 (m, 2H), 6.94 (d, J = 8.6 Hz, 2H), 6.89 (& 3.9 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H),
3.86 (d, J = 5.6 Hz, 2H), 3.69 (s, 2H), 1.95 - 1(B89 1H), 1.77 - 1.69 (m, 1H), 1.49 -
1.45 (m, 4H), 1.33 - 1.25 (m, 12H), 0.95 - 0.84 {2H).**C NMR (101 MHz, CDGJ) 5
158.87, 144.95, 144.05, 135.69, 132.22, 129.85,82727.52, 125.63, 125.38, 116.96,
116.15, 114.88, 114.40, 70.62, 51.16, 39.46, 3538875, 30.61, 29.16, 28.63, 24.05,
23.95, 23.14, 23.13, 14.18, 14.10, 11.20, 10.55MBR(EI+): [M+H'] Calcd for
Cs4sH44BrNOS, 594.2400; found, 594.2386.



2.3.3. Synthesis of 3-(4-((2-ethylhexyl)oxy)pheh@tpctyl-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-10H-phenothiazinég)

A mixture of compound4a (4.86 g, 8.14 mmol), bis(pinacolato)diboron (24,7
8.54 mmol), Pd(dppf)GI(0.3 g, 0.41 mmol) and AcOK (2.4 g, 24.12 mmol1®0 ml
1,4-dioxane was heated at 2G0overnight under N The reaction solution was removed
under vacuum and water was added. The water phasethen extracted with DCM.
Combined organic phase was dried by®@,. Column chromatography over silica gel
with petroleum ether/DCM (4/1) gives out target pmund6a as light yellow oil liquid
(4.3 g, 86%)H NMR (400 MHz, CDCY) § 7.58 (dd, J = 6.8, 1.4 Hz, 2H), 7.44 (d, J =
8.7 Hz, 2H), 7.33 - 7.28 (m, 2H), 6.96 - 6.91 (rh)26.88 - 6.85 (m, 2H), 3.86 (dd, J =
5.8, 1.0 Hz, 2H), 3.76 (d, J = 7.0 Hz, 2H), 1.9889 (m, 1H), 1.79 - 1.68 (m, 1H), 1.40 -
1.25 (m, 28H), 0.96 - 0.81 (m, 12HyC NMR (101 MHz, CDGJ) & 158.77, 148.36,
143.93, 135.51, 134.04, 132.36, 128.75, 127.49,542325.23, 116.08, 115.17, 114.80,
83.68, 70.59, 39.42, 35.92, 30.74, 30.56, 29.721228.62, 24.86, 24.02, 23.90, 23.08,
14.12, 14.04, 11.14, 10.50. HRMS (El+): [M3HCalcd for GoHseBNOsS, 642.4147;
found, 642.4138.

2.3.4.3-(8-bromo-2,3-diphenylquinoxalin-5-yl)-10a8der-(4-(octyloxy)phenyl)-10H-phen
othiazine 8a)

A mixture of compoundsa (2.92 g, 4.56 mmol), 7 (2.0 g, 4.56mmol), Pd(BPh
(0.53 g, 0.456 mmol) and,KO; (1.90 g, 13.68 mmol) in 110 ml 1,4-dioxangfHwas
heated at 10C overnight under p The reaction solution was removed under vacuum
and water was added. The water phase was therctextraith DCM. Combined organic
phase was dried by h&Q,. Column chromatography over silica gel with petuoh
ether/DCM (10/1) gives out target compowalas red soild. (2.8 g, 7094 NMR (400
MHz, CDCk) $ 8.08 (d,J = 7.8 Hz, 1H), 7.91 (br, 2H), 7.71 (ddi= 7.8, 1.5 Hz, 2H),
7.65 (dd,J = 5.2, 3.2 Hz, 4H), 7.61 - 7.54 (m, 2H), 7.41-7(84 J = 7.8, 6.3 Hz, 9H),
6.95 (d,J = 8.4 Hz, 2H), 3.88 (d] = 4.9 Hz, 4H), 2.03-2.00 (m, 1H), 1.76-1.71 (m,)1H
1.58 - 1.37 (m, 16H), 1.03 - 0.73 (m, 12HC NMR (101 MHz, CDGCJ) & 158.82,
154.13, 152.78, 152.39, 139.36, 139.13, 138.98,683838.57, 138.53, 137.99, 133.12,
133.05, 130.30, 130.27, 130.20, 129.91, 129.61,382929.17, 128.40, 128.26, 127.54,



125.63, 125.43, 124.55, 124.08, 123.76, 122.61,1B16.15.26, 114.87, 70.64, 39.47,
31.53, 30.86, 30.62, 30.29, 29.17, 28.73, 24.1@&®23.18, 23.15, 14.21, 14.16, 11.23,
10.65. HRMS (El+): [M+H] Calcd for G4HseBrN3OS, 874.3400; found, 874.3398.

2.3.5. Synthesis of the dyelG5

A mixture of compounda (2.8 g, 3.2 mmol), 9 (1.0 g, 6.4 mmol), Pd(BR{0.4 g,
0.32 mmol) and KCOs; (1.4 g, 9.6 mmol) in 110 ml 1,4-dioxane® was heated at
100°C overnight under N The reaction solution was removed under vacuudveater
was added. The water phase was then extractedD@i. Combined organic phase was
dried by NaSQ,. Column chromatography over silica gel with pettoh ether/DCM
(2/1) gives out 1.0 g target compouh@a as red soild and the yield is 34%. A mixture of
compoundlOa (1 g, 1.1 mmol), cyanoacetic acid (1.9 g, 22 mnaoi) NHOAc (2.5 g,
33 mmol) in 30 ml CHCOOH solution was heated at £@0overnight under N The
reaction solution was removed under vacuum andrwede added. The water phase was
then extracted with DCM. Combined organic phase wasd by NaSQO, Column
chromatography over silica gel with petroleum ebé&M (1/1) gave out 0.23 gHG5
dye as dark red solid and the yield is 22BbNMR (400 MHz, DMSOY 8.53 (d, J = 8.0
Hz, 1H), 8.25 (s, 1H), 8.13 (d, J = 3.8 Hz, 1HNAB(d, J = 7.9 Hz, 1H), 7.87 - 7.79 (m,
4H), 7.76 (d, J = 8.2 Hz, 1H), 7.58 (dd, J = 7.8, Bz, 4H), 7.47 (d, J = 6.6 Hz, 2H),
7.45 - 7.41 (m, 3H), 7.39 - 7.33 (m, 3H), 7.22Jds 8.6 Hz, 1H), 7.14 (d, J = 9.2 Hz,
1H), 7.00 (d, J = 8.7 Hz, 2H), 3.89 (d, J = 5.6 Kid), 2.04 — 1.88 (m, 3H), 1.77 - 1.63
(m, 1H), 1.46 - 1.29 (m, 14H), 0.91 - 0.82 (m, 12HE NMR (101 MHz,D8-THF) &
159.36, 145.74, 144.65, 139.60, 139.29, 138.74,78339.32.70, 132.35, 131.33, 130.51,
129.90, 128.94, 128.31, 127.59, 126.68, 126.41,582925.11, 116.61, 115.27, 114.07,
70.56, 40.10, 32.38, 31.06, 30.15, 29.82, 29.59,®23.51, 23.07, 13.97, 11.04, 10.44.
MS (MALDI-Tof): Calcd. for GoHgoN4OsS,, 972.410; found, 971.581.

2.3.6. Synthesis of 2-(6-((2-ethylhexyl)oxy)napleth&-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane 2b)
The synthetic procedure was similar to that2zaf Column chromatography over

silica gel with petroleum ether/DCM (6/1) gives t¢artget compoun@b as colourless oil



liquid (4.9 g 52%)*H NMR (300 MHz, CDC}) § 8.28 (s, 1H), 7.78 (t, J = 8.2 Hz, 2H),
7.70 (d, J = 8.2 Hz, 1H), 7.18 - 7.07 (m, 2H), 3(87J = 5.7 Hz, 2H), 1.87 - 1.72 (m,
1H), 1.57 (d, J = 6.2 Hz, 4H), 1.41 - 1.33 (m, 16HPO - 0.84 (M, 6H)3C NMR (101
MHz, CDCk) & 158.40, 136.61, 136.07, 131.31, 131.11, 130.18,3R 125.92, 119.15,
106.38, 83.78, 70.49, 39.43, 30.68, 29.18, 24.902 23.13, 14.18, 11.23. HRMS (EI+):
[M+H*] Calcd for G4HasBOs, 383.2750; found, 383.2758.

2.3.7. Synthesis of 3-bromo-10-(2-ethylhexyl)-T¢@6ethylhexyl)oxy)naphthalen-2-yl)-
10H-phenothiazinedp)

The synthetic procedure was similar to that4af Column chromatography over
silica gel with petroleum ether/DCM (20/1) gives target compoundb as light yellow
oil liquid (5.1 g, 49%)*H NMR (400 MHz, CDC}) § 7.87 (s, 1H), 7.74 (d, J = 8.6 Hz,
2H), 7.62 (dd, J = 8.5, 1.6 Hz, 1H), 7.47 (d, J.& Az, 2H), 7.28 (d, J = 2.2 Hz, 1H),
7.23 (dd, J = 6.6, 2.0 Hz, 1H), 7.19 - 7.10 (m, 26493 (d, J = 8.1 Hz, 1H), 6.71 (d, J =
8.6 Hz, 1H), 3.96 (d, J = 5.1 Hz 2H), 3.71 (s, 2MP3-1.91 (M, 1H), 1.71-1.68 (m, 1H),
1.46 - 1.42 (m, 16H), 0.99 - 0.85 (m, 12HC NMR (101 MHz, CDG)) § 157.54,
144.89, 144.43, 135.88, 134.87, 133.77, 129.90,8729.29.53, 129.13, 127.79, 127.27,
126.11, 126.07, 125.51, 125.44, 124.85, 119.65,0117116.24, 114.49, 106.39, 70.61,
51.19, 39.45, 35.91, 30.75, 30.69, 29.20, 28.64)3424.04, 23.16, 23.14, 14.20, 14.11,
11.25, 10.56. HRMS (El+): [M+H Calcd for GgHsBrNOS, 644.2566; found,
644.2555.

2.3.8. Synthesis of 10-(2-ethylhexyl)-3-(6-((2-#thyyl)oxy)naphthalen-2-yl)-7-(4,4,
5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phematzine 6b)

The synthetic procedure was similar to thatéaf Column chromatography over
silica gel with petroleum ether/DCM (4/1) gives @8 g target compoun@b as light
yellow oil liquid. The yield is 51%'H NMR (400 MHz, CDC}J) & 7.89 (s, 1H), 7.79 -
7.70 (m, 2H), 7.64 - 7.59 (m, 3H), 7.46 (d, J =84 2H), 7.15 (dd, J = 7.6, 5.2 Hz, 2H),
6.94 (d, J = 8.2 Hz, 1H), 6.88 (d, J = 8.1 Hz, 18197 (d, J = 5.5 Hz, 2H), 3.78 (d, J =
5.3 Hz, 2H), 1.98 - 1.94 (m, 1H), 1.85 - 1.75 (H)11.64 - 1.34 (m, 16H), 1.33 (s, 12H),
0.99 - 0.85 (m, 12H)**C NMR (101 MHz, CDGCJ) § 157.47, 148.33, 144.33, 135.72,



135.02, 134.12, 133.70, 129.52, 129.12, 127.20,2824.26.00, 125.74, 125.48, 124.79,
119.57, 116.21, 115.25, 106.37, 83.72, 70.59, 51393, 35.97, 30.77, 30.66, 29.76,
29.17, 28.65, 24.89, 24.05, 23.13, 14.17, 14.09221110.54. HRMS (El+): [M+H
Calcd for G4HseBNO3S, 692.4303; found, 692.4305.

2.3.9. Synthesis of 3-(8-bromo-2,3-diphenylquinoxadyl)-10-(2-ethylhexyl)-7-(6-((2-
ethylhexyl)oxy)naphthalen-2-yl)-10H-phenothiazi@i® (

The synthetic procedure was similar to that8af Column chromatography over
silica gel with petroleum ether/DCM (10/1) givest @8 g target compoungb as red
soild. The yield is 60%:H NMR (400 MHz, CDCI3) 8.08 (d, J = 7.9 Hz, 1H), 7.91 (s,
1H), 7.76 (d, J = 8.6 Hz, 2H), 7.73 - 7.62 (m, 6Hp9 (dd, J = 7.8, 1.5 Hz, 2H), 7.55 -
7.46 (m, 2H), 7.43 - 7.26 (m, 6H), 7.20 - 7.12 @H), 7.01 (m, 2H), 3.97 (d, J = 5.5 Hz,
2H), 3.85 (s, 2H), 2.10 - 2.01 (m, 1H), 1.79 (dd; 12.2, 6.1 Hz, 1H), 1.53 - 1.31 (m,
16H), 0.98 - 0.87 (m, 12H)*C NMR (101 MHz, CDGJ) & 157.53, 154.09, 152.77,
152.40, 151.11, 145.50, 144.51, 139.34, 139.15,913838.73, 138.62, 138.57, 138.03,
135.65, 135.03, 133.76, 133.13, 131.65, 130.36,2630.29.97, 129.62, 129.38, 129.19,
128.42, 128.30, 127.30, 126.08, 125.93, 125.53,8724.23.78, 122.70, 119.64, 116.27,
115.35, 106.46, 70.66, 39.51, 31.61, 30.92, 3030639, 29.28, 28.81, 24.23, 24.11,
23.25, 14.33, 14.27, 11.36, 10.76. HRMS (El+): [M}HCalcd for GgHsgBrNs;OS,
924.3557; found, 924.3561.

2.3.10. Synthesis of the d¥EG6

A mixture of compoundb (0.80 g, 0.86 mmol)9 (0.27 g, 1.72 mmol), Pd(PBh
(0.10 g, 0.09 mmol) and XO3; (0.36 g, 2.6 mmol) in 110 ml 1,4-dioxang was
heated at 10C overnight under pl The reaction solution was removed under vacuum
and water was added. The water phase was therctextraith DCM. Combined organic
phase was dried by h&0O,. Column chromatography over silica gel with petuwh
ether/DCM (2/1) gives out 0.62 g target compo@b as red solid and the yield is 75%.
A mixture of compound.Ob (0.42 g, 0.44 mmol), cyanoacetic acid (0.75 g38r8nol)
and NHOAc (1.02 g, 13.2 mmol) in 30 ml GBOOH solution was heated at 220

10



overnight under M The reaction solution was removed under vacuuth\aater was
added. The water phase was then extracted with DCdinbined organic phase was
dried by NaSQO,. Column chromatography over silica gel with pettoh ether/DCM
(1/1) gave out 0.21 gHG6 dye as dark red solid and the yield is 47¢4.NMR (400
MHz, DMSO)¢é 8.51 (d, J = 7.7 Hz, 1H), 8.12 (d, J = 17.5 Hz),3402 (d, J = 7.8 Hz,
1H), 7.98 - 7.71 (m, 8H), 7.63 (dd, J = 24.1, 72 ¥H), 7.54 - 7.30 (m, 7H), 7.30 - 7.09
(m, 3H), 3.99 (d, J = 5.0 Hz, 2H), 3.91 (s, 2HR4(s, 1H), 1.76 (s, 1H), 1.50 - 1.24 (m,
16H), 1.00 - 0.72 (m, 12H}*C NMR (101 MHz,D8-THF) § 157.49, 151.33, 145.20,
139.39, 138.03, 136.64, 135.41, 134.79, 133.95,96311.30.23, 129.48, 129.40, 128.57,
127.89, 127.43, 127.26, 126.15, 125.58, 125.07,6224.24.32, 119.17, 116.26, 115.08,
106.18, 70.13, 50.73, 39.59, 36.22, 31.34, 30.8.712 29.24, 28.62, 25.23, 24.19, 23.13,
23.05, 22.61, 13.52, 10.61, 10.00. MS (MALDI-TdDalcd. for GeHe2N4O3S,, 1022.426;
found, 1022.661.

2.3.11. Synthesis of 2-(2,2'-bis((2-ethylhexyl)g&y}'-binaphthalen]-6-yl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolang)

The synthetic procedure was similar to that2af Column chromatography over
silica gel with petroleum ether/DCM (6/1) gives oni3 g target compoun@c as
colourless oil liquid. The yield is 65%H NMR (300 MHz, CDC}) & 8.38 (s, 1H), 7.94
(dd, J =9.0, 9.0 Hz, 2H), 7.83 (d, J = 8.1 Hz, , IH%4 (dd, J = 8.5, 1.0 Hz, 1H), 7.37 (dd,
J=8.9, 4.1 Hz, 2H), 7.31 - 7.26 (m, 1H), 7.21097(m, 3H), 3.86 - 3.68 (m, 4H), 1.36 (s,
12H), 1.33 - 1.21 (m, 6H), 0.95 - 0.85 (m, 12HY,8- 0.64 (m, 6H), 0.62 - 0.50 (m, 6H).
3C NMR (101 MHz, CD(J) 6 155.65, 154.67, 136.44, 136.07, 134.32, 130.59,98?
129.16, 128.93, 128.51, 127.70, 125.94, 125.48,612423.24, 120.51, 120.34, 115.51,
115.40, 114.99, 83.66, 71.90, 71.52, 71.38, 3938849, 30.30, 28.96, 28.77, 24.89,
23.60, 23.48, 22.86, 14.02, 10.97. HRMS (El+): [M}Balcd for G,Hs/BO,, 637.4423;
found, 637.4428.

2.3.12. Synthesis of 3-(2,2'-bis((2-ethylhexyl)dty}'-binaphthalen]-6-yl)-7-bromo-10-

(2-ethylhexyl)-10H-phenothiazinéd)
The synthetic procedure was similar to that4af column chromatography over
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silica gel with petroleum ether/DCM (20/1) givest &ul g target compoundc as light
yellow oil liquid. The vyield is 49%'H NMR (300 MHz, CDCJ) & 8.00 - 7.89 (m, 3H),
7.85 (d, J = 8.2 Hz, 1H), 7.46 (d, J = 5.8 Hz, ZH}9 (d, J = 9.0 Hz, 3H), 7.29-7.28 (m,
2H), 7.23 - 7.20 (m, 4H), 6.93 (d, J = 9.0 Hz, 161}3 (d, J = 8.8 Hz, 1H), 3.89 - 3.63
(m, 6H), 1.51 - 1.29 (m, 8H), 0.93-0.86 (m, 25H){0- 0.64 (m, 6H), 0.64 — 0.52 (m,
6H). 3C NMR (101 MHz, CDGJ) 6 154.82, 154.70, 154.67, 144.92, 144.34, 136.09,
134.56, 134.33, 133.47, 129.87, 129.42, 129.21,062927.84, 127.78, 126.19, 126.11,
126.05, 125.52, 125.41, 125.13, 124.93, 123.31,582020.51, 116.99, 116.19, 115.91,
115.87, 115.44, 114.44, 71.87, 71.70, 51.20, 395539, 30.74, 30.38, 30.31, 30.28,
29.77, 29.00, 28.84, 28.62, 24.04, 23.63, 23.52,1222.93, 22.90, 22.89, 14.08, 11.04,
11.00, 10.96, 10.93, 10.54. HRMS (El+): [M¥HCalcd for GeHesBrNO,S, 898.4227;
found, 898.4216.

2.3.13.Synthesis of 3-(2,2'-bis((2-ethylhexyl)dgy)*-binaphthalen]-6-yl)-10-(2-ethyl-
hexyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolaiyd?-10H-phenothiazinestt)

The synthetic procedure was similar to thatéaf Column chromatography over
silica gel with petroleum ether/DCM (4/1) gives @&uB g target compoun@c as light
yellow oil liquid. The vyield is 45%'H NMR (400 MHz, CDC}) & 7.99 - 7.88 (m, 3H),
7.84 (d, J = 8.1 Hz, 1H), 7.64 - 7.55 (m, 2H), 7-47.36 (m, 5H), 7.31 — 7.27 (m, 1H),
7.22 - 7.20 (m, 3H), 6.92 (d, J = 8.4 Hz, 1H), 6(87J = 8.0 Hz, 1H), 3.85 - 3.72 (m,
6H), 2.01 - 1.90 (m, 1H), 1.48 - 1.36 (m, 4H), 1:3422 (m, 18H), 1.01 - 0.82 (m, 22H),
0.73 - 0.68 (m, 6H), 0.62 - 0.52 (m, 6HJC NMR (101 MHz, CDGCJ) § 154.75, 154.68,
148.35, 144.23, 135.91, 134.72, 134.32, 134.06,4133.29.43, 129.19, 129.00, 127.73,
126.17, 126.11, 126.01, 125.72, 125.52, 125.17,862424.76, 123.28, 120.54, 116.14,
115.88, 115.44, 115.21, 83.70, 71.87, 71.70, 513983, 35.93, 30.75, 30.35, 30.29,
30.26, 29.74, 28.98, 28.82, 28.63, 24.87, 24.04(41223.50, 23.09, 22.90, 22.88, 14.06,
14.03, 11.01, 10.97, 10.93, 10.90, 10.52. HRMS XgM+H"] Calcd for G,HgoBNO,S,
946.5974; found, 946.5981.
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2.3.14. Synthesis of 3-(8-bromo-2,3-diphenylquifinx&yl)-7-(4-((2-ethylhexyl)oxy)-
phenyl)-10-octyl-10H-phenothiazin8cj

The synthetic procedure was similar to that8af column chromatography over
silica gel with petroleum ether/DCM (9/1) gives duB g target compoundc as red
soild. The yield is 60%H NMR (400 MHz, CDC}) & 8.08 (d, J = 7.8 Hz, 1H), 7.96 -
7.91 (m, 3H), 7.85 (d, J = 8.1 Hz, 1H), 7.74 - 7(61. 5H), 7.59 (dd, J = 7.8, 1.5 Hz, 2H),
7.51 (s, 1H), 7.44 - 7.34 (m, 7H), 7.32 - 7.27 4H), 7.22 (s, 3H), 6.99 (br, 2H), 4.01 -
3.64 (m, 6H), 2.04 (s, 1H), 1.49 - 1.43 (m, 2HR71- 1.25 (m, 8H), 1.02 - 0.86 (m, 22H),
0.75 - 0.67 (m, 6H), 0.62 - 0.54 (m, 6HJC NMR (101 MHz, CDGCJ) § 154.83, 154.77,
152.79, 152.42, 145.56, 144.45, 139.16, 139.01,7438.38.59, 138.54, 135.88, 134.95,
134.82, 134.41, 133.51, 133.09, 131.58, 130.30,2P30129.91, 129.53, 129.43, 129.36,
129.28, 129.19, 129.10, 128.40, 128.28, 127.85,2126.26.13, 125.93, 125.59, 125.29,
124.98, 123.38, 122.64, 120.66, 120.60, 116.20,9415115.49, 115.30, 71.92, 71.75,
51.17, 39.62, 36.06, 30.89, 30.46, 30.39, 30.39)7228.91, 28.76, 24.19, 23.72, 23.60,
23.21, 23.01, 22.97, 14.19, 14.14, 11.13, 11.09041111.00, 10.69. HRMS (El+):
[M+H™] Calcd for GeHgoBrN:O,S, 1178.5227; found, 1178.5211.

2.3.15. Synthesis of the d¥EIG7

A mixture of compoundc (2.75 g, 2.54 mmol), 9 (0.80 g, 5.08 mmol), Pd@Ph
(0.30 g, 0.25 mmol) and XO; (1.06 g, 7.62 mmol) in 110 ml 1,4-dioxanefHwas
heated at 10C overnight under p The reaction solution was removed under vacuum
and water was added. The water phase was therctextraith DCM. Combined organic
phase was dried by h&Q,. Column chromatography over silica gel with petuoh
ether/DCM (2/1) gives out 1.2 g target compodld as red soild and the yield is 39%. A
mixture of compound.Oc (0.21 g, 0.19 mmol), cyanoacetic acid (0.32 g83nmol) and
NH;OAc (0.44 g, 5.67 mmol) in 30 ml GBOOH solution was heated at £20
overnight under M The reaction solution was removed under vacuuth aater was
added. The water phase was then extracted with DCdnbined organic phase was
dried by NaSQ,. Column chromatography over silica gel with pettoh ether/DCM
(1/1) gave out 0.089 GHG7 dye as dark red solid and the yield is 21¢6.NMR (400
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MHz, DMS0)3 8.52 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 8.0 Hz, 3810 (dd, J = 9.1, 4.0
Hz, 2H), 8.03 (d, J = 9.1 Hz, 2H), 7.93 (d, J = BA) 1H), 7.89 — 7.67 (m, 5H), 7.67 —
7.51 (m, 6H), 7.50 - 7.07 (m, 10H), 7.02 (d, J 4 Bz, 2H), 3.96 - 3.76 (M, 6H), 2.24 -
2.11 (m, 1H), 2.04 - 1.86 (m, 2H), 1.53 - 1.43 @Hl), 0.97 - 0.80 (m, 22H), 0.68 - 0.54
(m, 12H).®C NMR (101 MHz,D8-THF) § 155.17, 151.67, 139.89, 138.86, 136.50,
134.79, 130.86, 130.13, 129.82, 129.49, 128.80,082826.33, 126.14, 124.78, 123.41,
120.76, 119.66, 119.06, 116.62, 115.75, 71.62,%X40.14, 36.60, 33.86, 32.78, 30.44,
30.20, 30.50, 29.08, 29.03, 26.92, 24.75, 24.601®24.07, 23.93, 23.46, 23.27, 23.23,
23.04, 19.61, 13.94, 13.90, 10.96, 10.90, 10.8%4410MS (MALDI-Tof): Calcd. for
CaaHeaN4OsS,, 1276.593; found, 1276.876.

3. Results and discussion
3.1. UV-Vis absorption properties

All the dyes are synthesized according to the at®wn in Scheme 1. In order to
investigate their light-harvesting ability, we hawarried out the test of UV absorption
spectra of dyes in THF with M as shown in Fig. 2a. From the corresponding data
collected in Table 1, we can see that the lowestggnabsorption peak @HG5, ZHG6
andZHG?7 is 471 nm, 466 nm and 472 nm, respectively. Tlabserption bands around
466 - 472 nm can be ascribe to intramolecular éhdrgnsfer (ICT) from donor to
acceptor along witht-n* transition **. The molar extinction coefficients @@HGS5,
ZHG6 andZHG7 are 1.98< 10%, 1.77x 10* and 1.57x 10° M™* cmi?, respectively. The
UV absorption spectra of dyes in DCM and DMF asoaarried out as shown in Fig. S1
and the corresponding data has been collected bie T2l. From the table, we can see
that the kinds of solution have impacts on the giigmn regions because the absorption
bands are around 483-486 nm in DCM and 463-466miNIF. The molar extinction

coefficients also have been affected by the kirfdsotution as shown in Table S1 and
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they are 1.74« 10%, 1.61x 10* and 1.31x 10* M* cmi*for three dyes in DCM, 1.961¢,
1.81x 10*and 1.4% 10*M™ cm® for three dyes in DMF. Above results indicate that
adjusting the auxiliary donor does not have sigaiit influence on the absorption range
of dyes but has impact on the absorption relathtensities. We also investigate the
absorption properties of dyes anchored on thepufl? thick nanocrystalline Ti©
transparent film (particle size, 20 nm) as showfig 2b. From the data collected in the
Table 1, it can note that compared with the maxinalsorption peaks in the solution,
there are 20 nm, 31nm and 27 nm red-shiftZ8IG5, ZHG6 andZHG7, respectively.
This red-shift could be ascribed to the J-aggregattit facilitates the absorption range

up to 700 nm which is thought to be helpful fohlidnarvesting?.

3.2. Electrochemical properties

In order to investigate the feasibility of electrmansfer from the excited dyes to the
conduction band of Ti@and the dye regeneration by redox electrolyte, dielic
voltammetry has been carried out in the THF sotuts shown in Fig 3. From the
parameters collected in the Table 1, we can seahtbaedox potentials correspond to the
highest occupied molecular orbital (HOMO) energyels of ZHG5, ZHG6 andZHG7
are 1.28, 1.31 and 1.30ws NHE, respectively. These ground state oxidatiotepials
are all more positive than the redox potential /o 1(0.4 Vvs NHE) which indicates that
there are enough driving forces for the dyes reggiom as shown in Fig. S2. The band
gap energies (&) of ZHG5, ZHG6 andZHG7 derived from the absorption thresholds
are 2.10, 2.16 and 2.12 V, respectively. Subtrgdiive k.o from the Eomo, We can get

the lowest unoccupied molecular orbital (LUMO) agetevels ofZHG5, ZHG6 and
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ZHG7 and they are -0.82, -0.85 and -0.82 V. All the LUN&®els are negative than that
of the TiQ, conduction band (-0.5 V vs. NHE), indicating enloygpwer for the electron
injection from the excited dyes to the BiGnduction band. Therefore, all the three dyes

could be the qualified candidates for DSSCs inthé&d

3.3. Theoretical calculations

The electron distribution and molecular structuaes investigated with density
functional theory (DFT) calculations at the DR3LYP/LanL2DZ level with the
Gaussian 09 suite of prograrisFrom the Fig. S3, we can see that the HOM@HG5
is mainly delocalized between auxiliary donor amghgxaline. When the cyclobenzene
is replaced by the naphthaleneZRhlG6, the HOMO range has been further expanded.
However, compared witAHG6, the HOMO range oZHG7 is very similar with that of
ZHG6 when binaphthalene is adopted as auxiliary dohlbe. HOMO is just expand to
one of the naphthalene rings and the other one matelsave electron distribution which
can be ascribe to the propeller type structure indghthalene. Although there is no
electron distribution in the hanging naphthalernecan effectively improve the steric
hindrance. All LUMOSs of these three sensitizersdai®calized between quinoxaline and
the cyanoacrylic acid. The two benzene rings ofdZpBenylquinoxaline just have a little
electron distribution which can be ascribe to theyé torsion degree. These two non-
coplanar cyclobenzenes can provide large sterece#ind are beneficial for suppressing
intermolecular dye aggregation. In general, thesbent overlap of HOMOs and LUMOs

in three dyes will be helpful for the ICT from thenors to the acceptols
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3.4. Photovoltaic performance

All the DSSCs based on these three dyes have lestadtunder AM 1.5G
irradiation (100 mW cnf) with 1715 redox electrolyte and get their photocurrent
density-voltage J-V) curves as shown Fig. 4a. From the correspondatg dollected in
the Table 2, it can note that the modifying theilgary donors can produce obvious
impact on the performance of DSSCs. DSSC basetieoAHG5 has the highest power
conversion efficiency (PCE) of 5.64% at AM 1.5 Gnslated sunlight, with the short
circuit current densitysc= 12.63 mA crif, open circuit voltag&/,c= 730 mV andFF =
0.61. When the cyclobenzene has been replacecehyaibhthalene in theHG6, there is
a little improvement oV, (734 mV), but thelsc has decreased by 4.5%, only about 12.06
mA cmand finally the PCE is decreased to 5.32%. Thedwvgment ol in the DSSC
based orzHG6 encourages us to further increase the steric &idr by introducing the
dinaphthalene to get high¥®%.. To our surprise, the cell PCE further reduce&.®1%
with Jsc = 7.12 mA crif, Voc = 706 mV. In order to understand the ordedgf incident
photon-to-current conversion efficiencies (IPCEYyénhaeen carried out. From the Fig. 4b,
it can note that the IPCE of all the DSSCs basedhere three dyes have the similar
absorption range from 300 nm to 700 nm. Compared the ZHG6, the IPCE value of
ZHGS5 is a little higher than that @HG6 from the 400 nm to 550 nm and both of them
are much higher than the IPCE BHHG7 over the whole absorption range. So fhe
values of DSSCs based on these dyes increase andeeofZHG5 > ZHG6 > ZHG7.

Electrochemical impedance measurements under tHevdé -0.7 V bias have
been carried out to investigate the electron redoation effect of the cell devices and

get insight to the open circuit voltad® In general, the larger semicirdethe Nyquist
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plot in the high frequency region represents thergd recombination resistancedRat
the photoanode/dye/electrolyte interface. The smakmicircle corresponds to electron
transport at the Pt/electrolyte. From the Fig.ibaan note that the R value of DSSC
based on dy&@HG6 is higher than that ZHG5, and the R, of ZHG7 is the smallest.
So the R increases in the order @HG6 > ZHG5 >ZHG7. This order is the same as
the open circuit voltage. The lifetimes have bealcidated with the formula = 1/(2rf)

from the Bode plots as shown in Fig. 5b. Becausd thalues ofZHG5, ZHG6 and

ZHG7 from the Bode plots are 2.69 Hz, 2.37 Hz and 286 respectively. So the
lifetimes ofZHG5, ZHG6 andZHG7 are 59.19 ms, 67.19 ms and 55.67 ms, respectively.
Longer lifetimes correspond to lower current in therk of DSSCs and the order of

lifetimes is also consist with that vf.".

4. Surface adsorption properties

In order toinvestigate the different performances caused yntu the
auxiliary donors, the XPS has been used to inva&tithe adsorption properties of
dyes anchored on the TiGurface™. The sensitizers loading amount of all DSSCs
have been investigated by the dye desorption meamnts before the XPS test.
From the collected data in the Table 3, it can nlo& the adsorption capacities of
ZHG5, ZHG6 andZHG7 are 7.6 x 16, 5.6 x 1¢° and 8.3 x 18 mol cm? When
the value oZHGS is set to 1, the relative value 8HG6 andZHG7 is 0.74 and
1.09. The relative loading amounts of ZHG dyes aneth on TiQ also have been
measured with XPS by comparing the intensity of 88p core level and the

Ti2ps2 level as shown in Fig. 6a. From the data summariizéhe Table 3, we can
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see that when the value @gHGS is set to 1, the relative value dHG6 and
ZHG7 is 0.9 and 2.0. The relative values measured &yatove two methods are
consistent and indicate that the dyes loading amowreases in the order of
ZHG7 > ZHG5 >ZHG6. In order to understand this phenomenon, we have
carefully compared the TiZp intensity () damping of the Ti@film anchored by
the corresponding sensitizers with the intendidy qamping of blank Ti@film as
summarized in Table S1 (ESIT) and got the mearkniess ) of dye coverage.
From Fig. 6b, it can note that the TiZpntensity of TiQ covered by sensitizers is
apparent lower than that of blank LiGGample, especially for the dye with
dinaphthalene. If the dye layers are homogeneodsalhiO, samples only have
small amount of contaminants, the mean thicknescén be calculated by a
two-layer model I/§= exp(-diAsina) wherel is the inelastic mean free path (IMFP)
of electrons in dye molecules,is the electron take-off angle of 45 he IMFP of
ZHG5, ZHG6 andZHG7 is 25.95 A, 30.25 A and 30.37 A, respectivElySo we
can get the mean thickness of dye coverage G5, ZHG6 andZHG7, their
values are 12.81 A, 13.44 A and 27.24 A, respegtiv® Considering the
molecular size we can conclude that #1leG7 dye on the Ti@ film is almost
standing rather vertical on the Ti@Im with the smallest tilt angles and the tilt
angles ofZHG5 andZHG6 are almost similar. Because the anchored modes of
ZHG5 andZHG6 on the TiQ are similar, the lower dye loading amounZsfG6
can be ascribe to larger steric hindrance of anildonor. The lower IPCE value
of ZHG6 compared with that HG5 from the 400 nm to 500 nm can be ascribe

to the lowermolar extinction coefficient and dye loading amoant finally leads to
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lower Jsc. Although theZHG7 has auxiliary donor with the maximal steric hindreyit
still has the highest dye loading amount probahlg tb the smallest tilt angle.
This is in accord with the result found by Anderagfeldt et al?* where the larger
tilt angle found for the LEG4 dye with respect toetTiO-surface normal
compared to the other dyes is likely to resultassl| efficient packing of the dye
molecules. Dense packing of dydHG7 anchored on the TiDleads to more
serious intermoleculat-t aggregation effect and we also carry out thedgsell
performance based adHG7 with chenodeoxycholic acid (CDCA). From the data
collected in Table 2 and Fig. S4, we can see td B improved to 3.37% with. =
9.17 mA cn, Voc = 693mV. So the addition of co-adsorbent is goadiffgproving the
cell performance oZHG7 dye. So perhaps the-n aggregation effect and lowest
molar extinction coefficient are theeasons that DSSC basedZiHG7 has the poor

performance.

5. Conclusion

Three novel D-Dr-A SensitizersZHG5, ZHG6 andZHG7 have been prepared by
gradually improving the steric hindrance of auxili@onors. The DSSCs based on these
three dyes have been carefully investigated by dleetrochemical, photophysical,
photovoltaic characterizations and XPS in comboratwith theoretical calculations. XPS
indicates that the tilt angles 2HG5 andZHG6 anchored on the TigXilm are similar
andZHG7 is almoststanding rather vertical on the BHi@m with the smallest tilt
angle. Dye desorption experiment and XPS indicate that dge loading amount of

ZHG6 is lower thanZHG5 due to the larger steric hindrance aftdG7 with largest
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auxiliary donor has the maximum loading amount plabp due to the smallest tilt angle.
Larger auxiliary donor oZHG6 can lead to higher open circuit voltage but loglorter
circuit current Jsc = 12.63 mA cnif) compared with that oZHG5. However, dense
packingof dye ZHG7 anchored on the TiOeads to more serious intermolecular
n-1 aggregation effects and perhaps this effect awddtmolar molecular extinction
coefficient are theeason that DSSC basedadG7 have the poor performance. So
above results indicate thatxiliary donor with overlarge steric hindrance Iwihve
smaller tilt angle of dye anchored on %i@nd may lead to more dye loading amount but
serious intermoleculat-r aggregation effects. We think that this result peovide some

enlightenment for the future research of the stmgcactivity relationship of dyes.
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Table 1 Absorption and electrochemical paramaters of dyes

xmaxa/ nm b onC/ \ d Erede/ \
Dye  oxagmtom?y  AmaMM (s NHE) BooleV s NHE)
ZHGE 471 (1.98 491 1.2¢ 2.1C -0.82
ZHGE 466 (1.77 497 1.31 2.1€ -0.8t
ZHG? 472 (157 49¢ 1.3¢ 2.1z -0.87

c

2 Absorption maximum in 1 x TOM THF solution.” Absorption maximum on Ti©film.
Oxidation potential in THF solution containing OM. (n-C4Hg)sNPFR; were calibrated with
(Fc/F¢) as an external reference and taken as the HO‘i\/EaO derived from the oneset of
UV-Vis absorption spectruni.E,eq = Eox - Eo_o.

Table 2 Photovoltaic parameters of the DSSCs obtained fh@-V curves

Dyea Jsc (MA Cm_z) Voc (MV) FF (%, n (%)

ZHGS 12.63%0.3! 730+Z 61.75+0.2° 5.64+0.2:
ZHGE 12.06+0.1. 734+4 60.06+0.8: 5.32+0.1(
ZHG7 7.1240.17 70€+2 54.6+0.22 2.74+0.0¢
ZHG7 9.17+0.24 693+5 53.07+0.78 3.37+0.02

4The DSSCs are measured under AM 1.5G irradiati@nphotoanode was immersed in
THF/EtOH solution of the ZHG dyes (0.3 mM) for 12 the photoanode was immersed
in THF/EtOH solution of the 0.3 mM ZHG7+0.5mM CDGd 12 h.

Table 3Dye Coverage of the TicBurface, Measured both by Dye Desorption Measunésrand by
XPS

Dye coverage Relative dye coverac Relative dy

mol cni?(dye desorption) (dye desorption) coverage (XPS)
7.6x1C° 1 1

5.6x1(° 0.74 0.9¢

8.3x1(° 1.0¢ 2.0(
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Fig. 3 Cyclic voltammograms of dyes in THF. (0.1 M TBARElassy carbon electrode as working

electrode, Pt as counter electrode, SCE as refeelactrode, scan rate: 100 m‘%) S

15
a
_ ——2ZHG5
“.‘E 12 ——ZHG6
g ——2ZHG7
g
£ o4
2
]
c
]
T 6
t
£
3
g o
o
£
o
0 v T v T v T v T
0.0 0.2 0.4 0.6 0.8

Voltage (V)

100

IPCE/%

3(I)0 ' 4(l)0 ) 560 ' 660 ) 700
Wavelength/nm
Fig. 4 (a) The J-V curves of DSSCs based on ZHG dyed hH®)PCE curves of DSSCs based on

ZHG dyes.
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Fig. 1 Chemical structures &fHG5, ZHG6 andZHG?7.

Fig. 2 (a) UV-Vis absorption spectra of dyes in THF sauati(b) UV-Vis absorption spectra of dyes on Jfins.

Fig. 3 Cyclic voltammograms of dyes in THF. (0.1 M TBARBlassy carbon electrode as working electrodasPt
counter electrode, SCE as reference electrode rataril00 mV 2)

Fig. 4 (a) The J-V curves of DSSCs based on ZHG dyesTl{b)IPCE curves of DSSCs based on ZHG dyes.

Fig. 5 (a) Nyquist plots of DSSCs based on ZHG dyes, dheivalent circuit used in the study. (b) Bode
phase plots obtained in the dark under bias (-Q.7oWDSSCs based on ZHG dyes.

Fig. 6 (a) The S2p spectra normalized versus the corngsipg Ti2p and (b) The Ti2p photoelectron signal
originating from the TiQ



® Threenovd dyesare prepared by tuning the seric hindrance of auxiliary donors.

® Adsorption properties of dyes are studied with X-ray photoel ectron spectroscopy.

® Dyewith largest auxiliary donor has the smallest tilt angle on TiO,.



